Abstract: Directional breaking of the C-H/C-D molecular bond is manipulated in acetylene (C 2 H 2 ) and deuterated acetylene (C 2 D 2 ) by waveform controlled few-cycle mid-infrared laser pulses with a central wavelength around 1.6 μm at an intensity of about 8 × 10 13 W/cm 2 . The directionality of the deprotonation of acetylene is controlled by changing the carrier-envelope phase (CEP). The CEP-control can be attributed to the laser-induced superposition of vibrational modes, which is sensitive to the sub-cycle evolution of the laser waveform. Our experiments and simulations indicate that near-resonant, intense mid-infrared pulses permit a higher degree of control of the directionality of the reaction compared to those obtained in near-infrared fields, in particular for the deuterated species.
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Introduction
Controlling molecular structure rearrangements using ultrashort laser fields has attracted enormous interest for the last decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Chemical transformations can be controlled with various laser parameters, including intensity, pulse duration, chirp, and the electric field waveform. The latter has been introduced to control the directionality of a molecular process for symmetric molecules. A classic example is the dissociative ionization of neutral molecular hydrogen into a hydrogen atom and a proton, where the field controls the emission direction of the two fragments. This control has been achieved with tailored waveforms resulting from either carrier-envelope phase (CEP) controlled few-cycle pulses [18] [19] [20] [21] or synthesized femtosecond laser fields composed of at least two different colors, e.g. in ω-2ω fields [22] [23] [24] [25] [26] . The underlying mechanism is based on the coherent superposition of electronic states with different parity and importantly, goes beyond the Born-Oppenheimer approximation. So far, the control with laser fields with tailored waveforms has mostly concentrated on the dissociative ionization of diatomic molecules, and the theoretical modeling using semiclassical and quantum mechanical calculations. Advances in theory have brought more complex targets into the focus of recent and current research efforts, including polyatomic molecules [6, [13] [14] [15] [16] 27 , 28], fullerenes [29] , and nanostructures [30] [31] [32] .
The control of reactions occurring in hydrocarbon molecules is interesting from both a fundamental and an application point of view. The processes that may be steered with tailored fields include C-H and C-C bond breaking and proton migration reactions [4, 6, [13] [14] [15] [16] . A prototype system is acetylene, where it was demonstrated that both the directionality of the deprotonation [6, 14] and proton migration [13] can be steered with the CEP of few-cycle pulses in the visible to near-infrared (NIR) region. Recent studies suggested that the directional control over these reactions in hydrocarbon molecules follows a different scheme, where the laser field coherently couples vibrational degrees of freedom.
With the advent of intense few-cycle laser systems in the mid-infrared (MIR), the control over molecular processes can be extended into this wavelength regime. This regime is particularly appealing for studying molecules, where the vibrational modes can be excited resonantly. Resonant excitation is expected to lead to a higher degree of control. Despite the benefits of using longer wavelength lasers to control molecular reactions, so far experimental studies have been limited to the dissociative ionization of hydrogen [20] . In our present work, we carried out a joint experimental and theoretical study on the CEP-control of the deprotonation direction of acetylene and deuterated acetylene in intense, few-cycle MIR laser fields.
Experimental setup
The CEP-dependence of the directionality of the H/D ion emission from C 2 H 2 /C 2 D 2 induced by intense few-cycle MIR pulses is investigated using a phase-tagged single-shot velocity map imaging (VMI) setup [33] . A beam of linearly polarized NIR pulses centered at 790 nm with a pulse duration of about 30 fs (FEMTOPOWER PRO V CEP by Femtolasers at ETH Zürich) is frequency transformed to the MIR wavelength region in an optical parametric amplifier (HE-TOPAS). The linearly polarized MIR pulses are then spectrally broadened in a gas-filled hollow-core fiber, and compressed in time by passing through bulk fused silica. The resulting few-cycle pulses have a central wavelength of about 1.6 μm. The pulse duration is estimated to be around 2 optical cycles (one optical cycle is about 5.3 fs) from a frequencyresolved optical gating (FROG) measurement. The relative CEP of the broadband MIR laser pulses was measured using a single-shot stereographic above-threshold-ionization phase meter ('phase meter' for short) [34] . Simultaneous measurement of the CEP and the acetylene fragments in the VMI on a shot-by-shot basis allows for "tagging" each laser shot with its relative CEP, shown schematically in Fig. 1 . As the process of generating the MIR pulses is intrinsically CEP-locked, the CEP was scanned by insertion of fused silica into the beam path common to both devices. Scanning through the 0 to 2π phase range a few times per minute ensures that the accumulated CEP over the duration of the scan (several hours) is sufficiently random. The measured angle theta is converted to CEP values following a previously reported procedure [35] . As shown in Fig. 1 , the phase meter for the MIR spectral range is similar to the phase meter designed for pulses with wavelengths centered around 700-800 nm [34] . The pulses are focused into a gas cell containing ~10 −2 torr of xenon gas. Two small slits (2 mm wide, 1 mm high) allow for electrons generated in the laser focus to travel out of the cell and towards the detectors, microchannel plates (MCPs) with metal anodes (Photonis, model 31373), situated along the axis of the laser polarization. A μ-metal tube, concentric with the flight-tubes, shields the electrons from stray magnetic fields. As the recollision energy for a laser intensity of 8 × 10 13 W/cm 2 at 1.6 μm is much higher (U p ~19 eV, where U p is the ponderomotive potential and is defined by U p = I/(4ω 2 ) in atomic units) compared to the NIR wavelengths (U p (800 nm) ~5 eV), the energy of the electrons from the back-scattered part of the spectrum is also much higher. To account for this, the length of flight tubes was increased to 30 cm (the flight tubes are 17.5 cm long for the NIR phase meter) such that the time of flight for these higher energy electrons has a resolution of about 1 ns. Interestingly, the number of electrons detected per laser shot is about a fourth of that detected for the NIR phase meter. The reduced count rate is greatly attributed to the fact that the number of re-scattered electrons is drastically reduced with increasing wavelength [36, 37] . Furthermore, the half-angle for the detected cone of electrons is only 2.5°, compared to 4.3° for the NIR phase meter. Lastly, the detector efficiency is lower for the higher energy electrons [38] . The fact that the re-scattered electron count rate is still sufficient is likely due to the target not being depleted [39] .
The transmission of the MIR laser through the beam splitter is focused into the interaction region of the VMI spectrometer. The pulses intersect a diffusive molecular beam originating from a 100 μm diameter hole at the center of the repeller plate. The laser intensity is estimated by measuring the kinetic energy spectra of the ATI electron emission from Xe under identical experimental conditions [19, 29] . H/D ions generated in the VMI focus during laser-molecule interactions are imaged onto a complementary metal-oxide-semiconductor (CMOS) camera. For each laser shot, a VMI image is detected together with a CEP value obtained from the phase meter. There is an inherent constant phase offset between the phase meter and the VMI spectrometer. Thus, the absolute phase is determined by comparison with a reference data set where we measure electrons from the single ionization of Xe [19, 29] . In the post-processing steps, the whole branch of VMI images obtained from every laser shot is sorted and binned into 20 images for CEPs ranging from 0 to 2π. Then Abel-inversion [40] is applied to the resulting images to extract the 2D momentum distributions around the plane of p z = 0 from the 3D distributions.
Theoretical model
A quantum dynamical model is applied to explain the deprotonation mechanism. The model was previously developed to investigate deprotonation and hydrogen migration in small hydrocarbons ionized by NIR few-cycle laser fields [13, 14] . In this work, it is extended to the MIR spectral region. The program package MOLPRO [41] was utilized to perform ab initio calculations for the potential energy surfaces (PESs) of C 2 H 2 and C 2 D 2 and the corresponding dipole and transition dipole moments. The method was CASSCF(10,10) for the ground and excited states of the neutral molecule, CASSCF(9,10) for the ground and excited states of the cation and CASSCF(8,10) for the ground and excited states of the dication with the 6-311 + + G** basis set and a step size along the two normal modes of 0.05 au. Figure 2 shows the symmetric and anti-symmetric stretching coordinates [ Fig. 2(a) ] and the 2D PES of the excited dicationic state A 3 Π u [ Fig. 2(b) ]. The PES were interpolated to 256 × 256 points for the potential Hamilton operator in the nuclear wave packet calculations. 
The laser field at angular frequency ω, with CEP φ, a full width at half maximum FWHM and a cycle-averaged intensity I of 8 × 10 13 W/cm 2 can be written as
The calculation were performed with different laser parameters. The CEP was varied in steps of 0.1 π and the wavelength 2π λ ω = from 700 nm to 2900 nm in steps of 200 nm. The corresponding FWHM (see Table 1 ) was chosen to keep the number of optical cycles constant. To describe the vibrational motions leading to deprotonation, we use the 2D basis |nm>, where |n0> is the IR-active anti-symmetric stretching mode (see Fig. 2(a) ), |0m> the IRinactive symmetric stretching mode (see Fig. 2(a) ) and n, m the number of vibrational quanta. To simplify the following discussion we implicitly include the respective time evolution Because the light field can only address the IR-active modes |n0> the wave packet has no contribution of |0m>. If the laser is not resonant to the vibration this wave packet only forms temporarily and at the end of the laser pulse the |00> population is restored. Approaching the resonance frequency with the laser frequency in the MIR region increases the temporary population of |n0>. We assume in our simulations, that the molecule is ionized at the peak of the laser field. After around 3/4 of an optical cycle the released electron recollides with the parental cation, exciting the molecule to the reactive dication state A 3 Π u (see Fig. 2 
(b)), where C-H/C-D bond cleavage occurs. Projection of the vibrational wave packets onto the corresponding ionic states is used to approximate the ionization steps.
The first ionization step is between the neutral molecule and the cationic molecule, where the first two electronic states (X 2 Π u and A 2 Π u ) are nearly degenerate. Therefore we project the neutral wave packet to both states with equal weight. For completeness the propagation in the cation included the possibility of population transfer between these two states, even if the effect is negligible as the transition dipole moment between those states along the investigated modes is extremely small.
The ionization leads to population of several cationic modes, including the IR-inactive ones |0m>, because the eigenfunctions of the molecular cation are slightly different from the ones of the neutral molecule so the projection of the |00> neutral mode is not the |00> cation mode. In contrast to the population of the IR-active modes, which is directly controlled by the laser and its CEP, this population process by ionization is independent of the CEP. The basic superposition of the fundamental IR-active and the IR-inactive modes,
gives the important CEP-dependent part of the full wave packet. The recolliding electron leads to the second ionization event. For this step the wave packet is projected onto the reactive, excited dicationic state A 3 Π u . Over a simulated time of 480 fs, with time steps of 0.24 fs, the wave packet is propagated on this PES and the part leaving the PES is used for calculating the deprotonation yield in the two directions.
The influence of Ψ basic is illustrated in Fig. 3 , where propagation of and deuterated acetylene (magenta lines in Fig. 3 ) on the reactive A 3 Π u state shows a clear preference for the deprotonation direction. The principal mechanism is the same for both molecules, but for the deuterated molecules, the corresponding wave packet is slower and more compact. While Ψ basic helps to illustrate the underlying mechanism by concentrating on the |01> and |10> contributions all vibrational quanta are present in the calculations. 
Results and discussion
Dissociation of C-H bond is a fundamental and important process in hydrocarbon molecules, and is known to precede other reactions, such as reconstruction of chemical bonds and Coulomb explosion [42] [43] [44] . The attosecond control over the directionality of acetylene deprotonation has been demonstrated for few-cycle NIR laser fields [6, 14] . In our present work on the deprotonation of acetylene in few-cycle MIR laser fields, we measure the directionality of the H + ion emission from C 2 H 2 and D + emission from C 2 D 2 . The momentum distributions of H + /D + fragment ions as a function of CEP are recorded for an identical laser intensity of about 8 × 10 13 W/cm 2 . The obtained kinetic energy spectra for H + /D + are shown in Fig. 4 . The strong peaks centered around 5 eV for both H + and D + originate from deprotonation through the double ionization channel [45, 46] . The peak position for H + is at slightly higher kinetic energy compared to that for D + due to the difference in reduced masses. Beyond this peak, ion yields with higher kinetic energies, extending to about 20 eV, are observed for both molecules. A recent study utilizing NIR laser fields with pulse durations between 4.5 and 25 fs and intensities in the range 2-8 × 10 14 W/cm 2 , revealed that ions with such high kinetic energies originate from highly charged precursors of acetylene (with up to a 6 + charge state), in their case induced by multi-bond enhanced ionization [47] . For sufficiently long pulse durations the C-H bonds can stretch to their critical inter-nuclear distance for enhanced ionization [48, 49] . In our experiments the laser intensity is significantly smaller, however, the ponderomotive energy U p is about 19 eV and the electron return energy can reach up to 3.17 U p . Therefore, photoelectrons can recollide with an energy of up to around 60 eV, which appears sufficient for the population of the higher charge states from which the multi-bond fragmentation of acetylene can take place and generate the observed high kinetic energy H + and D + fragments. To quantitatively analyze the CEP-control of the directionality of the fragment ion emission, an asymmetry parameter is used which is defined as
Here Y up/down (φ, E) represents the yield in the up/down part of the VMI images within a cone of 60 degrees half angle around the laser polarization. The CEP and ion energy are represented by the parameters φ and E, respectively. Since the number of images per CEP is not completely uniform, we have normalized the total ion yields for this analysis. Clear oscillatory behavior, with a period of 2π, is observed, for the kinetic energy region around 6-7 eV which we denoted as the low-KE region. No asymmetry oscillation is observed for high kinetic energies beyond 8 eV. For comparison, we plot the energy integrated asymmetry parameters for the kinetic energies near the cutoff (high-KE region). We can see in Figs. 5(b) and 5(d) that the asymmetry is almost zero for all the CEPs in the high-KE region, which can be expected for a multi-bond fragmentation mechanism, thus further supporting this assignment. The oscillation of the asymmetry as a function of CEP was fitted to the function A(φ) = A 0 cos(φ + φ 0 ), yielding the asymmetry amplitude Α 0 and phase offset φ 0 . As shown in Table 2 , we determine an asymmetry amplitude for the low-KE region of about 1. , but the deuterated species shows stronger CEP-control. In our model the deciding contribution for the difference in asymmetry amplitude between acetylene and the deuterated acetylene is the projection of the neutral |00> (and |n0>) in cationic modes. Anomalous isotope effects have also been revealed for the electron-directed reactivity in the mid-infrared region which shown larger dissociation asymmetries for heavier isotopes [50] . Our quantum dynamical simulation is applied to C 2 H 2 and C 2 D 2 for the double ionization channel using the experimental laser parameters. The directionality of H + /D + emission as a function of CEP is obtained for central wavelengths ranging from 700 nm to 2900 nm. The bandwidth for each central wavelength is chosen such that the Fourier transformed pulse duration has a constant number of optical cycles (see Tab 1.). The calculated amplitudes and phases for the asymmetry oscillations for the double ionization channel are plotted as a function of central wavelength in Fig. 6 . The simulation results reveal a common tendency for the asymmetry amplitude for D + to be higher than that for H + for the double ionization channel in this spectral region, which agrees with our observations. However, there is discrepancy on the absolute value of the amplitude between experimental data and the calculated results. In the experiment, we get an amplitude of around 1.3-2.9%, while the amplitude from simulations can reach about 10% at 1.6 μm. A couple of issues can result in such discrepancy. For instance, the theoretical calculation is taken along the polarization axis while, due to limited signal-to-noise level, the experimental results are obtained from an integration over an angular range of ± 60 degrees along the polarization direction, which can result in a lower asymmetry parameter for the experimental results. Besides, the noise level in the experiment can reduce the asymmetry amplitude. On the other hand, the experimental results show that the phase offset is similar for H + and D + (listed in Table 2 ), which agrees fairly with the calculated results (shown in Fig. 6(b) ). The calculated wavelength-dependent asymmetry parameters for the low-KE region provide us more insight on the steering of deprotonation process in MIR laser fields. From Fig. 6(a) , we can see that, in general, the asymmetry parameter increases for longer wavelengths. This behavior can be attributed to a better match of the laser frequencies to the normal modes, especially the |10> mode, participating in the directional control. The much faster increase in the shorter wavelength regime and the dip around 2200 nm in the asymmetry parameter of C 2 D 2 can be explained by the changes in the vibrational wavefunctions induced due to deuteration. In C 2 D 2 , the optically addressable mode |20> is already populated in the first ionization step and the phase imprinted by the CEP of the light pulse can be opposed thereby diminishing the overall achieved asymmetry. The influence of the |20> mode can be also observed in the faster changing of the phase with wavelength for the deuterated acetylene. 
Conclusion
To summarize, we have investigated the directionality of the deprotonation of acetylene (C 2 H 2 ) and the deuterated acetylene (C 2 D 2 ) in waveform controlled few-cycle MIR laser pulses centered at 1.6 μm at an intensity of about 8 × 10 13 W/cm 2 . A dedicated stereo-ATI phase meter was developed for CEP-tagging experiments in the MIR and combined with VMI for studying the directional H + /D + ion emission as a function of CEP. Clear asymmetry oscillations are observed for the deprotonation of C 2 H 2 and C 2 D 2 . The asymmetry oscillation in the low-KE channel is assigned to deprotonation following double ionization, where asymmetry amplitudes of about 1.0% and 2.2% are obtained for H + and D + , respectively. Our simulations are in fair agreement with the experimental results and they indicate a control of the directionality of deprotonation for longer wavelengths. The control mechanism is attributed to the superposition of normal modes induced by the intense laser fields, by which the reaction pathways can be steered via tuning the laser waveform with the CEP. We observed H + and D + fragments with high kinetic energies up to about 20 eV from the interaction of C 2 H 2 and C 2 D 2 with MIR few-cycle laser fields, which we attribute to highly charged precursors that undergo multi-bond fragmentation. Future studies using coincidence detection techniques could shine more light on the production of the high-energy ions in MIR laser fields. Based on the present results, which show an increased control over the deprotonation of acetylene, we also expect a similar enhancement of the control of the isomerization of acetylene and other hydrocarbon molecules.
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